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ABSTRACT 14 
 15 
Raman and infrared spectroscopy were used to characterise two samples of 16 
triclinic čejkaite Na4[UO2(CO3)3] and its synthetic trigonal analogue. The 3 17 
(UO2)2+ mode is not Raman active, while both the 3 and 1 (UO2)2+ modes 18 
are infrared active. U-O bond lengths in uranyls were calculated from the 19 
spectra obtained, and compared with bond lengths derived from crystal 20 
structure analyses. From the higher number of bands related to the uranyl 21 
and carbonate vibrations, the presence of symmetrically distinct  (UO2)2+ 22 
and (CO3)2- units in both structures is proposed.     23 
 24 
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 The chemistry of uranyl carbonates plays one of the most important roles in  uranyl 33 
and other actinide chemistry, mineralogy, geochemistry, and environmental chemistry in 34 
regards to uranium(VI) migration in natural waters and to spent nuclear fuel problems 1. The 35 
uranyl tricarbonate ion, [UO2(CO3)3]4-,  has been thoroughly studied 1-3.  The uranyl 36 
carbonate minerals originate in the oxidation zone by weathering of primary uranium 37 
minerals containing U4+. They are synthetically formed  by the evaporation of solutions 38 
containing corresponding cations and anions under conditions similar to those in nature 4.  39 
They are usually formed after uranyl sulphates 2. According to Finch and Murakami 5, uranyl 40 
carbonates may precipitate when evaporation is significant, or when the fugacity of carbon 41 
dioxide is greater than atmospheric. Uranyl di- and tricarbonates tend to form only when the 42 
evaporation rate is high. Most of these minerals are ephemeral, dissolving readily when re-43 
exposed to fresh water 5. In slightly alkaline to alkaline water, an uranyl tricarbonate cluster 44 
predominately forms, with formula [UO2(CO3)3]4- , for both natural and synthetic uranyl 45 
tricarbonate minerals 6.  The coordination structure of these minerals involves the  uranyl 46 
polyhedron (hexagonal dipyramids) sharing three edges with carbonate triangles, while the 47 
equatorial anions of the dipyramids constitute ligands of the carbonate groups 7. Uranyl 48 
tricarbonate clusters are linked only through bonds to low-valence cations, M+, M2+ and M3+ 49 
and hydrogen bonds, if water molecules are present in the structure 7.  50 
 51 
Chernorukov et al. 8,9 studied synthetic uranyl tricarbonates containing monovalent cations, 52 
using  thermal analysis and infrared spectroscopy. Li et al. 10 and Císařová et al. 11 published 53 
the X-ray single crystal structure of synthetic trigonal Na4[UO2(CO3)3], while the infrared 54 
and Raman spectroscopy of synthetic trigonal Na4[UO2(CO3)3] was published by Koglin et 55 
al. 12  and Novitskii et al. 13.  Infrared spectra and thermal analysis of uranyl minerals 14 and 56 
Raman and infrared spectra of uranyl carbonates 15 were reviewed. Ondruš et al. presented a 57 
new uranyl carbonate mineral, triclinic Na4[UO2(CO3)3] named čejkaite, which is a dimorph 58 
of the synthetic trigonal Na4[UO2(CO3)3].  A starting-model based on the crystal structure of 59 
trigonal Na4[UO2(CO3)3] was adopted and applied to refine the čejkaite crystal structure 60 
using the Rietveld method 16 . Behavior of uranium in solid solution, especially on stability of 61 
Na4[UO2(CO3)3], was presented by Rafalskii 17.  Burakov et al. 18  reported on a number of 62 
minerals including; Na4[UO2(CO3)3], studtite (UO4.4H2O), epiianthinite (UO3·2H2O), 63 
rutherfordine  (UO2CO3, Na3H(CO3)2·2H2O), and Na2CO3·H2O as yellow products of 64 
alteration that stain the surface of Chernobyl “lava”. Catalano and Brown 19 analysed 65 
 3
synthetic čejkaite by EXAFS spectroscopy. Krupka et al. 20,21 studied the behavior of čejkaite 66 
in residual waste from Hanford tanks.  67 
 68 
 This paper is a part of a vibrational spectroscopic investigation on supergene minerals 69 
originating in oxidation zone inclusive uranyl minerals 22-27. The aim of this paper is to 70 
characterise  two  samples of triclinic minerals of  čejkaite, both from Jáchymov and Rožná 71 
(Czech Republic) using Raman and infrared spectroscopy, and to compare the results with  72 
synthetic trigonal Na4[UO2(CO3)3].  Recently, Raman spectroscopy has proved to be a most 73 
useful tool for the study of molecular structure of minerals containing oxyanions 28-35 .   74 
 75 
 76 
EXPERIMENTAL 77 
 78 
Minerals 79 
 80 
The studied samples of the triclinic mineral čejkaite were found in a Svornost deposit 81 
(Jáchymov ore district), in the Krušné hory Mountains, northern Bohemia, Czech Republic 82 
(labelled J) 36, and at Rožná uranium deposit (western Moravia), Czech Republic (labelled R) 83 
37. The samples were analysed for phase purity by X-ray powder diffraction, and no 84 
significant impurities were found. Their refined unit-cell parameters for the triclinic space 85 
group P1 or P-1 are: a=9.293(3), b=9.288(1), c=12.866(4) Å, α=90.66(2)o,  β=90.96(3)o, 86 
γ=119.99(1)o, V= 961.4(4) Å3 (J), and a=9.292(3), b=9.292(3), c=12.888(2) Å, α=90.77(2)o,  87 
β=90.78(2)o, γ=120.02(2)o, V= 963.1(8) Å3 (R) respectively. The unit-cell parameters of 88 
these minerals were comparable with  data published for this mineral phase 36. The minerals 89 
were analysed by electron microprobe (Cameca SX100, WD mode) for chemical 90 
composition. The chemical composition of the minerals were Na2O 22.97, UO3 53.15, CO2 91 
(23.93), P2O5 0.48, SO3 0.20, sum 100.73 wt. % and empirical formula 92 
Na4.00(UO2)1.00[(CO3)2.93(PO4)0.04(SO4)0.01]Σ2.98, (J - mean of 8 point analysis) and Na2O 93 
22.29, CaO 0.21, UO3 52.98, CO2 (23.46), SiO2 0.37, SO3 0.25, sum 99.56 wt. % and 94 
empirical formula (Na3.96Ca0.02)Σ0.98(UO2)1.02 [(CO3)2.93(SiO4)0.03(SO4)0.01]Σ2.97, (R - mean of 7 95 
point analyses) respectively.  The basis of recalculating is (Na+Ca+U) = 5.00 apfu; CO2 96 
contents were calculated on the basis of charge balance. 97 
 98 
 99 
 4
Synthesis of triclinic and trigonal Na4[UO2(CO3)3] 100 
 101 
Original triclinic Na4[UO2(CO3)3] was synthesised as follows: a solution containing 2 102 
x 10-3 M uranyl nitrate was added slowly with constant stirring to a solution of 6x10-3 M 103 
sodium carbonate. A yellow precipitate formed and was decanted three times using distilled 104 
water. Crystals of synthetic trigonal Na4[UO2(CO3)3] (labeled S in our study) were prepared 105 
from synthetic triclinic powder by recrystallisation in a sealed silica glass tube under 106 
hydrothermal conditions; at a pressure of about 20 MPa, and a temperature of 135 oC for 3 107 
days 11. The formed dark yellow crystals were analysed for phase purity by X-ray powder 108 
diffraction and no impurities were found. The refined unit-cell parameters were; a=9.336(1), 109 
c=12.812(1) Å and V=967.05(6) Å3, which are comparable with the data published for this 110 
compound 11. The chemical composition of the synthetic trigonal phase (S- mean of 6 point 111 
analyses) was;  Na2O 22.93, UO3 54.09, CO2 (24.60), sum 101.61 wt. % and empirical 112 
formula Na3.98(UO2)1.01(CO3)3.01. The basis of recalculating is (Na+U) = 5.00 apfu; CO2 113 
contents were calculated on the basis of charge balance. 114 
 115 
 116 
Raman spectroscopy 117 
 118 
The fragments of triclinic čejkaite and crystals of synthetic trigonal phase were placed 119 
and oriented on the stage of an Olympus BHSM microscope, equipped with 10x and 50x 120 
objectives and part of a Renishaw 1000 Raman microscope system, which also includes a 121 
monochromator, a filter system and a Charge Coupled Device (CCD). The Raman spectra 122 
were excited by a He-Ne laser producing highly polarized light at 633 nm, and collected at a 123 
nominal resolution of 2 cm-1 and a precision of ± 1 cm-1 in the range between 200 and 4000 124 
cm-1.  Repeated acquisition on the crystals using the highest magnification (50x) were 125 
accumulated to improve the signal to noise ratio. Spectra were calibrated using the 520.5 cm-1 126 
line of a silicon wafer.  Previous studies by the authors provide more details of the 127 
experimental technique.   128 
 129 
 130 
Infrared spectroscopy  131 
 132 
 5
 Infrared spectra of two čejkaite samples and synthetic trigonal Na4[UO2(CO3)3] were 133 
recorded by micro diffuse reflectance method (DRIFTS) on a Nicolet Magna 760 FTIR 134 
spectrometer (range 4000-600 cm-1, resolution 4 cm-1, 128 scans, 2 level zero-filtering, Happ-135 
Genzel apodization), equipped with Spectra Tech InspectIR micro FTIR accessory. Each 136 
sample of amount less than 0.050 mg was mixed without using pressure with KBr. Samples 137 
were immediately recorded together with the same KBr as a reference. The infrared spectra 138 
are provided in the Supplementary Information. 139 
 140 
Spectral manipulation such as baseline correction/adjustment and smoothing were 141 
performed using the Spectracalc software package GRAMS (Galactic Industries Corporation, 142 
NH, USA). Band component analysis was undertaken using the Jandel ‘Peakfit’ software 143 
package that enabled the type of fitting function to be selected and allows specific parameters 144 
to be fixed or varied accordingly. Band fitting was done using a Lorentzian-Gaussian cross-145 
product function with the minimum number of component bands used for the fitting process. 146 
The Lorentzian-Gaussian ratio was maintained at values greater than 0.7 and fitting was 147 
undertaken until reproducible results were obtained with squared correlations of r2 greater 148 
than 0.995.  Bandwidths are calculated through a reiteration-minimization process.  149 
 150 
RESULTS AND DISCUSSION 151 
A free uranyl, (UO2)2+, point symmetry Dh, should exhibit three fundamental modes: 152 
the Raman active symmetric stretching vibration 1 (~900-750 cm-1), the infrared active 153 
bending vibration 2 () (~300-200 cm-1), and the infrared active antisymmetric stretching 154 
vibration 3 (~1000-850 cm-1). The bending mode is doubly degenerate since it occurs in two 155 
mutually perpendicular planes. The peak may split into its two components when the uranyl 156 
ion is placed in an external force field. Thus, the linear uranyl group, point symmetry Dh, 157 
has four normal vibrations, but only three fundamentals. The Raman active 1 (UO2)2+ 158 
appears in the infrared spectrum only, in the case of substantial symmetry lowering. A 159 
lowering of symmetry (Dh  Cv, C2v or Cs) causes both the activation of all three 160 
fundamentals in the infrared and Raman spectra and the activation of their overtones and 161 
combination vibrations 14. The doubly degenerate 2 () (UO2)2+ bending vibration is infrared 162 
active, and a decrease in symmetry can cause splitting of this vibration into two infrared and 163 
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Raman active components. An overlapping of uranyl bending vibrations and U-Oligand 164 
vibrations was observed in some uranyl synthetic compounds and minerals 14. 165 
   166 
Vibrations of a free (CO3)2- group give rise to four fundamentals: 1 symmetric 167 
stretching vibration, (approximately 1115-1050 cm-1), the 2 out-of-plane bending vibration 168 
(approximately 880-835 cm-1), the 3 doubly degenerate antisymmetric stretching vibration 169 
(approximately 1610-1250 cm-1), and the 4 doubly degenerate in-plane bending vibration 170 
(approximately 770-670 cm-1). The planar (CO3)2- group possesses the point symmetry D3h. 171 
The 1 is only Raman active, the 2 is only infrared active, and the 3 and 4 are both infrared 172 
and Raman active. Thus only three bands of the fundamentals are observable in the infrared 173 
and/or Raman spectrum. The number of bands increases if the carbonate ion is embedded in a 174 
structural site of lower symmetry or if bonding between the carbonate oxygen atoms and 175 
other atoms in the crystal occurs. If the resultant space symmetry group of the crystal 176 
structure becomes isomorphous with some of the point groups C2v, Cs, or C1, the degeneracy 177 
of the vibrational modes 3 and 4 are removed and all vibrations then become both infrared 178 
and Raman active. Thus the number of infrared and Raman bands will rise to six.  If several 179 
symmetrically distinct (crystallographically nonequivalent) carbonate groups are present in 180 
the unit cell, the number of the active vibrations is accordingly multiplied 38. The number of 181 
activated bands also rises equivalently to rising number of atoms per unit cell Z, but regarding 182 
the spectroscopic primitive cell P. The carbonate ions may behave as a monodentate 183 
(symmetry Cs or C2v) or a bidentate (symmetry C2v) ligand. The number of Raman and 184 
infrared active fundamentals is the same for both C2v and Cs symmetry, however, the splitting 185 
of the degenerate vibrations is larger in the bidentate than in the monodentate complex 14,39,40.  186 
The 3 (CO3)2- splitting can be calculated to about 50-60 cm-1 in the monodentate and 160-187 
190 cm-1 in the bidentate structure 40. Triclinic čejkaite contains two symmetrically distinct 188 
U6+, six symmetrically distinct CO32- and nine symmetrically distinct Na+ (their symmetries 189 
are very close but not the same), while synthetic trigonal  Na4[UO2(CO3)3] contains only one 190 
symmetrically distinct U6+, one symmetrically distinct CO32-and three symmetrically distinct 191 
Na+ in their crystal structures 10,11,36.  Raman spectra are given in Fig 1, 2 and 3.  Infrared 192 
spectra in Figs.  1S, 2S and3S. 193 
 194 
Raman U-O vibrations in UO2O6 uranyl hexagonal dipyramidal coordination polyhedra   195 
  196 
 7
No Raman bands which could be attributed to the 3 (UO2)2+ antisymmetric stretching 197 
vibrations were observed (Fig. 1). Bands at 805 (J), 805 (R) and 810 (S) cm-1 are assigned to 198 
the 1 (UO2)2+ symmetric stretching vibration. For the isolated unperturbed UO22+ the infrared 199 
bands at around 806 cm-1 should be infrared inactive.  However in these types of minerals the 200 
UO22+ unit is perturbed and is not linear and therefore the infrared inactive vibrations become 201 
activated.  In the Raman spectrum of synthetic Na4[UO2(CO3)3], a band at 808 cm-1 was 202 
attributed to this vibration 12, and a band at 809 cm-1 13 may be also associated with this 203 
vibration. U-O bond lengths in uranyl may be calculated with the empirical relation RU-O = 204 
106.51-2/3 + 0.0575 Å 41, and the following results were obtained 1.806 (J), 1.806 (R), 1.801 205 
(S) Å. They are in good agreement with published data for synthetic trigonal Na4[UO2(CO3)3] 206 
  1.811 Å 10,  1.810 Å  11, and for čejkaite  + 1.827 Å 16.  Overlapping of the 1 (UO2)2+ 207 
and the  2 (CO3)2- out-of-plane bending vibration was found 12,42,43. Bands in the region from 208 
311 to 121 cm-1 may be attributed to the 2 () (UO2)2+ bending vibration (Fig. 3). Koglin et 209 
al. 12 assigned a band at 313 cm-1 to this vibration. This means that bands observed at 311 (J), 210 
311 (R) and 306 (S) cm-1 may be attributed to this vibration as well. However, bands at lower 211 
wavenumbers (299 – 248 cm-1) could also be related to this vibration (2,15, .  Other observed 212 
bands are related to the stretching  (U-Oligand), the bending  (O-U-Oligand), the  (Oligand-U-213 
Oligand) vibrations, and lattice vibrations 12,43. 214 
 215 
 216 
Infrared U-O vibrations in UO2O6 uranyl hexagonal dipyramidal coordination polyhedra 217 
  218 
 Infrared bands at 859 (J), 861 and 873 cm-1 (R), and some of the bands at 875, 868, 219 
859 and 847 (S) cm-1 are assigned to the 3 (UO2)2+ antisymmetric stretching vibrations (Fig. 220 
1S (Supplementary Information)). These wavenumbers are comparable with 848 cm-1 221 
(čejkaite 16), 860 cm-1 (trigonal Na4[UO2(CO3)3] 16), 845 cm-1 (synthetic 13), 843 cm-1 222 
(synthetic 12), 867 and 842 cm-1 (synthetic 9). All synthetic phases should be trigonal. 223 
Empirical relation 41 RU-O = 91.413-2/3 + 0.804 Å allowed for the U-O bond lengths in uranyl 224 
to be calculated from the uranyl antisymmetric stretching vibration. Calculated U-O bond 225 
lengths in uranyl are 1.816 (J), 1.814 and 1.805 (R) and 1.803, 1.809, 1.859, 1.847 (S) Å, 226 
which are comparable with those published (Å): 1.824 (čejkaite 16), 1.815 (synthetic 16), 227 
1.827 (synthetic 13), 1.828 (synthetic 12), and 1.809 and 1.830 (synthetic 9). Wavenumbers of 228 
infrared bands attributed to the 1 (UO2)2+ symmetric stretching vibrations partly or fully 229 
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overlapped by the 2 (CO3)2- out-of-plane bending vibrations  have the following calculated 230 
U-O bond lengths [Å/cm-1]: 1.803/808 (J), 1.785/826 (R), 1.804/807 (S), 1.779/832 16, 231 
1.778/833 16, 1.791/820 13, and 1.790/821 12.  As in the case of the U-O bond lengths, 232 
calculated from the Raman spectra, the U-O bond lengths in uranyl calculated from the 233 
infrared spectra are in good agreement with U-O bond lengths in triclinic čejkaite ( 1.827 Å 234 
16), and synthetic trigonal Na4[UO2(CO3)3] ( 1.811 Å 10,  1.810 Å 11].  235 
  236 
According to Koglin et al. 12, [UO2(CO3)3]4- is known as a complex of remarkable 237 
stability. This implies a considerable transfer of electron density from carbonate orbitals into 238 
non bonding orbitals of the (UO2)2+ ion. Since these orbitals are pure uranium levels, which 239 
are not involved in axial U-O bonds, the net result is an accumulation of negative charge on 240 
the uranium atom leading to increased electrostatic repulsion with the highly negative uranyl 241 
oxygens and to a loosening of the axial uranyl bond. Koglin et al. 12 therefore concluded that 242 
the stretching wavenumbers 1 and 3 (UO2)2+ are very low, compared to other uranyl 243 
complexes. The wavenumbers of the 3 (UO2)2+ antisymmetric stretching vibrations in 244 
natural and synthetic uranyl tricarbonates appear approximately in the region 926 – 840 cm-1 245 
14. The wavenumber of the 3 (UO2)2+ vibrations may be also influenced by interaction of the 246 
uranyl oxygens with the cations other than U6+, and a stronger ligand coordination on the 247 
equator of the uranyl ion as observed for Na4[UO2(CO3)3] 12,44. The region of the 2 () 248 
(UO2)2+ bending vibration was not measured in the infrared spectra. 249 
 250 
Raman (CO3)2- vibrations in trigonal planar carbonate 251 
  252 
Raman bands at 1074 cm-1 (J), 1074 cm-1 (R) and 1075 cm-1 (S) may be assigned to 253 
the 1 (CO3)2- symmetric stretching vibrations (Fig.2). They are comparable with the 1 254 
(CO3)2- Raman bands for synthetic trigonal analogue, 1077 cm-1 12,13.  Raman bands at 807 255 
(J), 807 (R) and 816 (S) cm-1 are assigned to the 2 (CO3)2- out-of-plane bending vibrations. 256 
These values are similar to those reported for the synthetic trigonal analogue  (809cm-1) 12,13. 257 
The fact that these bands partly or fully overlap with the bands of the 1 (UO2)2+ was 258 
expected. The Raman bands at 1327, 1342, 1371 and 1630 cm-1 (J), 1324, 1365, 1599, 1630 259 
cm-1 (R), 1354, 1366, and 1627 cm-1 (S) and comparable bands in Raman spectra of synthetic 260 
analogue (1340 and 1630 cm-1 13; 1358 and 1630 cm-1 12) are connected with the split doubly 261 
degenerate 3 (CO3)2- antisymmetric stretching vibrations. According to Jolivet et al. 39, the 262 
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size of the splitting supports the conclusions of the X-ray structure analysis 10,11,16, that 263 
carbonate ions are bidentately bonded to the uranyl ions. Four Raman bands at 693, 703, 730, 264 
and 734 cm-1 (J), 694, 703, 733 and 735 cm-1 (R) and at 691, 700, 731, and 737 cm-1 (S), are 265 
assigned to the split doubly degenerate 4 (CO3)2-  in-plane bending vibrations. Published 266 
papers on synthetic analogues prove the presence of two bands, 696 and 737 cm-1 13 and 700 267 
and 732 cm-1 12.  268 
 269 
 270 
 271 
Infrared C-O vibrations in planar (CO3)2- planar triangles 272 
 273 
 Infrared bands at 976, 1063, and 1097 cm-1 (J), 1029, 1063 and 1029 cm-1 (R), 1033, 274 
1061, and 1067 cm-1 (S), 1065 cm-1 (čejkaite 16), 1067 cm-1 (synthetic 16), 1062 cm-1 275 
(synthetic 13), 1062 cm-1 (synthetic 12) and 1064 cm-1 (synthetic 8) are attributed to the 1 276 
(CO3)2- symmetric stretching vibrations (Fig. 2S). The 2 (CO3)2- out-of-plane bending 277 
vibrations are observed at 828 cm-1 (J), 830 cm-1 (R), 827 and 837 cm-1 (S), 832 cm-1 278 
(čejkaite 16), and for synthetic trigonal analogue at 833 cm-1 16, 820 cm-1 13, 821 cm-1 12, and 279 
823 cm-1 9  (Fig. 1S). As mentioned above, an overlapping with the 1 (UO2)2+ symmetric 280 
stretching vibrations may be expected. Infrared bands at 1324, 1344, 1369, 1524, 1560, and 281 
1593 cm-1 (J), 1298, 1344, 1372, 1525, 1558, 1582, and 1617 cm-1 (R), 1291, 1318, 1335, 282 
1366, 1376, 1525, 1540, 1622, and 1633 cm-1 (S), 1349, 366, 1527, and 1563 cm-1 (čejkaite 283 
16), and for the synthetic trigonal analogs at 1348, 1366, and 1568 cm-1 16, 1340 and 1560 cm-1 284 
13, 1342 and 1560 cm-1 12, and 1349, 1375 and 1561 cm-1 9 are assigned to the split doubly 285 
degenerate 3 (CO3)2- antisymmetric stretching vibrations. The splitting of the 3 (CO3)2- 286 
suggests that carbonate groups are bonded bidentately to uranyl in its equatorial plane 14, as 287 
inferred from the X-ray structure analysis 10,11,16.  Infrared bands related to the split doubly 288 
degenerate 4 (CO3)2- in-plane bending vibrations are observed at 624, 646, 702, 734, and 289 
737 cm-1 (J), 642, 702, 731, and 735 cm-1 (R), 700, 731, and 741 cm-1 (S), 704 and 737 cm-1 290 
(čejkaite 16), and for the synthetic analogues at 701, 728, 737 cm-1  16, 700 and 735 cm-1 12 and 291 
703 and 735 cm-1 9.  292 
  293 
Additional bands are observed in the Raman spectra of trigonal synthetic phase (S) 294 
1693 and 1717 cm-1, and especially in the infrared spectra of all studied samples in the region 295 
 10
1649-1861 cm-1 and 2020-3735 cm-1. Infrared and Raman bands in the 1700 cm-1 region may 296 
be assigned to the combinational bands, such as the 1 (CO3)2- + 4 (CO3)2-. The other bands 297 
may be due to adsorbed water, overtones, combination bands, and possibly some organic 298 
impurities. Raman and infrared spectra are very sensitive on small amounts of impurities 299 
including organic molecules. 300 
  301 
Some differences in numbering of observed bands between observed and published 302 
data may have the cause that Raman and infrared spectra recorded in this paper were 303 
deconvoluted, while all published data contain only originally recorded spectra. This is 304 
related to the numbering of bands which are attributed to the 3 (UO2)2+ and 1, 3 and 4 305 
(CO3)2+ vibrations. This numbering supports the presence of symmetrically distinct uranyl 306 
and carbonate units in the structure of triclinic and also trigonal tetrasodium uranyl 307 
tricarbonate.  This is in agreement with the X-ray structure 10,11,16, in which  only one 308 
symmetrically distinct U6+ and one symmetrically distinct  C4+ were observed.   309 
 310 
CONCLUSIONS 311 
(a) Raman and infrared spectra of the triclinic mineral čejkaite and synthetic trigonal 312 
Na4[UO2(CO3)3] were measured and analysed. The spectra are related to the mineral 313 
structure. 314 
(b) For triclinic čejkaite and its synthetic trigonal analogue, the 3 (UO2)2+ antisymmetric 315 
stretching vibration is Raman inactive.  Both the 1 (UO2)2+ symmetric stretching 316 
vibration and the 3 (UO2)2+ antisymmetric stretching vibration are both infrared active.  317 
(c) U-O bond lengths in uranyls were calculated with two empirical relations 41. Calculated 318 
U-O lengths are in agreement with those obtained from X-ray structure analysis 10,11. 319 
(d) The splitting of the 3 (CO3)2- antisymmetric stretching vibrations proves that carbonate 320 
groups are bonded bidentately to uranyl in its equatorial plane 14. 321 
(e) The number of split bands of the 3 and 4 (Raman) and 1, 3 and 4 (infrared) (CO3)2- 322 
vibrations indicates that more than one symmetrically distinct (CO3)2- unit in the structure 323 
of all studied compounds 10,11,16. The number of the (UO2)2+ Raman and/or infrared 324 
stretching vibrations is also indicates that symmetrically distinct U6+ may be present in 325 
the structures studied. This agrees with the X-ray structure data for triclinic čejkaite, but 326 
differs from the published data for trigonal Na4[UO2(CO3)3] 10,11,16.  327 
 11
(f) Some additional bands observed especially in infrared spectra may be probably connected 328 
with overtones and combination bands 9, adsorbed water and possibly organic impurities.         329 
 330 
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CAPTIONS TO FIGS:  405 
 406 
 407 
Fig. 1 Raman spectra of synthetic trigonal Na4[UO2(CO3)3] and triclinic čejkaite from Rožná 408 
and Jáchymov in the region 650 to 900 cm-1.  409 
 410 
 411 
Fig 3 Raman spectra of synthetic trigonal Na4[UO2(CO3)3] and triclinic čejkaite from Rožná 412 
and Jáchymov in the region 900 to 1800 cm-1. 413 
 414 
 415 
Fig 5 Raman spectra of synthetic trigonal Na4[UO2(CO3)3] and triclinic čejkaite from Rožná 416 
and Jáchymov in the region 100 to 500 cm-1. 417 
 418 
 419 
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Fig. 1 422 
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Fig. 2 428 
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Fig.3  432 
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